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MATERIAL FOR LITHIUM SECONDARY
BATTERY OF HIGH PERFORMANCE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application s a continuation of application Ser.
No. 11/831,530, filed Jul. 31, 2007, which 1s a continuation-

i-part of U.S. patent application Ser. No. 11/104,734, filed
on Apr. 13, 2005, which has now 1ssued as U.S. Pat. No.

7,648,693, the disclosures of which are incorporated herein
by reference.

FIELD OF THE INVENTION

The present invention relates to a Ni-based lithtum mixed
transition metal oxide and a cathode active material for a
secondary battery comprising the same. More specifically,
the Ni-based lithium mixed transition metal oxide according,
to the present invention has a given composition and exhibits
intercalation/deintercalation of lithium 1ons into/from mixed
transition metal oxide layers (“MO layers™) and interconnec-
tion of MO layers via the insertion of a portion of MO layer-
derived Ni 1ons 1nto intercalation/deintercalation layers (re-
versible lithium layers) of lithtum 10ns, thereby improving the
structural stability of the crystal structure upon charge/dis-
charge to provide an excellent sintering stability. In addition,
a battery comprising such a cathode active maternial can exert
a high capacity and a high cycle stability. Further, with sub-
stantially no water-soluble bases present, such a lithium
mixed transition metal oxide exhibits excellent storage sta-
bility and chemical resistance, and decreased gas evolution,
thereby resulting in an excellent high-temperature stability
and the feasibility of mass production at low cost.

BACKGROUND OF THE INVENTION

Technological development and increased demand for
mobile equipment have led to a rapid increase 1n the demand
for secondary batteries as an energy source. Among other
things, lithium secondary batteries having a high-energy den-
sity and voltage, a long cycle lifespan and a low seli-discharge
rate are commercially available and widely used.

As cathode active materials for the lithtum secondary bat-
teries, lithtum-containing cobalt oxide (L1CoQ,) 1s largely
used. In addition, consideration has been made to using
lithtum-containing manganese oxides such as LiMnO,, hav-
ing a layered crystal structure and LiMn,O,, having a spinel
crystal structure, and lithium-containing nickel oxides
(LiN10O,,).

Of the aforementioned cathode active materials, L1CoO, 1s
currently widely used due to superior general properties
including excellent cycle characteristics, but sutiers from low
safety, expensiveness due to finite resources of cobalt as araw
material, and limitations 1n practical and mass application
thereot as a power source for electric vehicles (EVs) and the
like.

Lithium manganese oxides, such as LiMnO, and
L1Mn,O,, are abundant resources as raw materials and advan-
tageously employ environmentally-friendly manganese, and
therefore have attracted a great deal of attention as a cathode
active material capable of substituting LiCoO,. However,
these lithium manganese oxides sulfer from shortcomings
such as low capacity and poor cycle characteristics.

Whereas, lithium/nickel-based oxides including LiN1O,
are mexpensive as compared to the atorementioned cobalt-
based oxides and exhibit a high discharge capacity upon
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2

charging to 4.3 V. The reversible capacity of doped LiNi1O,
approximates about 200 mAh/g which exceeds the capacity
of L1CoQO, (about 165 mAh/g). Therefore, despite a slightly
lower average discharge voltage and a slightly lower volu-
metric density, commercial batteries comprising LiN1O, as
the cathode active material exhibit an improved energy den-
sity. To this end, a great deal of intensive research 1s being
actively undertaken on the feasibility of applications of such
nickel-based cathode active materials for the development of
high-capacity batteries. However, the LiN10,-based cathode
active materials sufler from some limitations in practical
application thereot, due to the following problems.

First, L1N10,-based oxides undergo sharp phase transition
ol the crystal structure with volumetric changes accompanied
by repeated charge/discharge cycling, and thereby may sutier
from cracking of particles or formation of voids 1n grain
boundaries. Consequently, intercalation/deintercalation of
lithium 1ons may be hindered to increase the polarization
resistance, thereby resulting 1n deterioration of the charge/
discharge performance. In order to prevent such problems,
conventional prior arts attempted to prepare a L1iN10O,-based
oxide by adding an excess of a L1 source and reacting reaction
components under an oxygen atmosphere. However, the thus-
prepared cathode active material, under the charged state,
undergoes structural swelling and destabilization due to the
repulsive force between oxygen atoms, and sulfers from
problems of severe deterioration in cycle characteristics due
to repeated charge/discharge cycles.

Second, LiN10O, has shortcomings associated with evolu-
tion of excess of gas during storage or cycling. That 1s, 1n
order to smoothly form the crystal structure, an excess of a L1
source 15 added during manufacturing of the LiN10,-based
oxide, followed by heat treatment. As a result, water-soluble
bases 1including L1,CO, and L10OH reaction residues remain
between primary particles and thereby they decompose or
react with electrolytes to thereby produce CO, gas, upon
charging. Further, LiN10O, particles have an agglomerate sec-
ondary particle structure in which primary particles are
agglomerated to form secondary particles and consequently a
contact area with the electrolyte further increases to result 1in
severe evolution of CO, gas, which in turn unfortunately
leads to the occurrence of battery swelling and deterioration
of desirable high-temperature safety.

Third, LiN10,, sulffers from a sharp decrease in the chemi-
cal resistance of a surface thereol upon exposure to air and
moisture, and gelation of slurries by polymerization of an
N-methyl pyrrolidone/poly(vinylidene fluoride) (NMP-
PVDF) slurry due to a high pH value. These properties of
[L1N10, cause severe processing problems during battery pro-
duction.

Fourth, high-quality LiN1O, cannot be produced by a
simple solid-state reaction as 1s used in the production of
[L1C00,, and LiN1iMeO, (Me=Co, Mn or Al) cathode active
materials containing an essential dopant cobalt and further
dopants manganese and aluminum are produced by reacting a
lithium source such as L1iOH.H,O with a mixed transition
metal hydroxide under an oxygen or syngas atmosphere (1.¢.,
a CO,-deficient atmosphere), which consequently increases
production costs. Further, when an additional step, such as
intermediary washing or coating, 1s included to remove impu-
rities 1n the production of LiN10O,, this leads to a further
increase in production costs.

Further, Japanese Unexamined Patent Publication Nos.
2004-281253, 2005-150057 and 2005-310744 disclose
oxides having a composition formula of Li,Mn N1, M O,
(M=CoorAl,1=a=1.2,0=x=0.65,0.33=y=1, 0=z=0.63,
and x+y+z=1). However, 1t was found through various experi-
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ments conducted by the inventors of the present invention that
the aforementioned oxides include large amounts of 1impuri-
ties such as lithium carbonates, and suffer from significant
problems associated with severe gas evolution at high tem-
peratures and structural instability.

Therefore, there 1s an urgent need in the art for the devel-
opment of a technology which i1s capable of achieving a
structurally stable crystal structure while utilizing a lithitum/
nickel-based cathode active material which can allow for high
charge capacity and is capable of securing high-temperature
safety.

SUMMARY OF THE INVENTION

Therefore, the present invention has been made to solve the
above problems and other technical problems that have yet to
be resolved.

As a result of a variety of extensive and intensive studies
and experiments and 1n view of the problems as described
above, the inventors of the present invention provide herewith
a lithium mixed transition metal oxide, as will be 1llustrated
heremnafter, having a given composition and a specific
atomic-level structure, with which it 1s possible to realize
superior thermal stability, and high cycle stability 1n conjunc-
tion with a high capacity, due to improvements in the stability
of the crystal structure upon charge/discharge. Further, such a
lithium mixed transition metal oxide can be prepared 1n a
substantially water-soluble base-free form and therefore
exhibits excellent storage stability, reduced gas evolution and
thereby excellent high-temperature safety in conjunction
with the feasibility of industrial-scale production at low pro-
duction costs. The present mvention has been completed
based on these findings.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will be more clearly understood from the following
detailed description taken 1n conjunction with the accompa-
nying drawings, 1n which:

FIG. 1 1s a schematic view showing a crystal structure of a
conventional Ni-based lithium transition metal oxide;

FIG. 2 1s a schematic view showing a crystal structure of a
Ni-based lithium mixed transition metal oxide according to
an embodiment;

FIGS. 3 and 4 are graphs showing a preferred composition
range of a Ni-based lithium mixed transition metal oxide
according to an embodiment;

FIG. 5 1s an FESEM (Field Emission Scanning Electron
Microscope) image (x2,000) showing LiN1MO, according to
Example 1 of the present invention. 5A: 850° C.; 5B: 900° C.;
5C: 950° C.; and 5D: 1000° C.;

FIG. 6 1s an FESEM 1mage showing commercial LiMO,
(M=N1, .Co, ,) according to Comparative Example 1. 6A:
FESEM i1mage of a sample as received, and 68B: FESEM
image of a sample after heating to 850° C. 1n air;

FIG. 7 1s an FESEM 1mage showing the standard pH titra-
tion curve of commercial high-N1 LiN10O, according to Com-
parative Example 2. A: Sample as recerved, B: After heating
of a sample to 800° C. under an oxygen atmosphere, and C:
Copy of A;

FIG. 8 1s a graph showing a pH titration curve of a sample
according to Comparative Example 3 during storage of the
sample 1n a wet chamber. A: Sample as received, B: After
storage of a sample for 17 hrs, and C: After storage of a
sample for 3 days;
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FIG. 9 1s a graph showing a pH titration curve of a sample
according to Example 2 during storage of the sample in a wet
chamber. A: Sample as recerved, B: After storage of a sample
for 17 hrs, and C: After storage of a sample for 3 days;

FIG. 10 1s an SEM 1mage of a sample according to
Example 3;

FIG. 11 shows the Rietveld refinement on X-ray diffraction
patterns of a sample according to Example 3;

FIG. 12 1s a graph showing electrochemical properties of
L1N1MO, according to Example 3 1n Experimental Example
1. 12A: Graph showing voltage profiles and rate characteris-
tics at room temperature (1 to 7 cycles); 7B: Graph showing
cycle stability at 25° C. and 60° C. and a rate of C/5 (3.0 to
4.3V); and 7C: Graph showing discharge profiles (at C/10
rate) for Cycle 2 and Cycle 31, obtained during cycling at 235°
C. and 60° C.;

FIG. 13 1s a graph showing DSC (differential scanning
calorimetry) values for samples of Comparative Examples 3
and 4 1n Experimental Example 2. A: Commercial Al/Ba-
modified LiMO, (M=N1) of Comparative Example 3, and B:
Commercial AIPO,-coated L1IMO, (M=N1) of Comparative
Example 4;

FIG. 14 1s a graph showing DSC values for LiNiMO,
according to Example 3 in Experimental Example 2;

FIG. 15 1s a graph showing electrophysical properties of a
polymer cell according to one embodiment 1n Experimental
Example 3;

FIG. 16 1s a graph showing swelling of a polymer cell
during high-temperature storage 1n Experimental Example 3;
and

FIG. 17 1s a graph showing lengths of a-axis and c-axis of
crystallographic umit cells of samples having different molar
ratios of L1:M 1n Experimental Example 4.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In accordance with an aspect of the present invention, the
above can be accomplished by the provision of a lithium
mixed transition metal oxide having a composition repre-
sented by Formula I below, wherein lithium 1ons undergo
intercalation/deintercalation into/from intercalation/deinter-
calation layers which are disposed alternately and repeatedly
with mixed transition metal oxide layers (“MO layers™) con-
taining N1 1ons, and a portion of MO layer-derived N1 1ons are
iserted 1nto the intercalation/deintercalation layers of
lithium 10ns (also referred to herein as “reversible lithium
layers™) thereby resulting in the interconnection of and
between the MO layers and reversible lithium layers.

Li,M,0, (D)

wherein:

M=M',_,A,, wherem M' 1s Ni1,___,(N,,Mn,,) Co,,
0.65=a+b=0.85 and 0.1=b=0.4;

A 1s a dopant;

0=k=0.05; and

x+y=2 and 0.95=x=1.03.

A conventional lithium transition metal oxide has a layered
crystal structure as shown in FIG. 1, and performs charge/
discharge processes through lithium 1nsertion and desertion
into/from the reversible lithium layers. However, when the
oxide having such a structure 1s used as a cathode active
material, deintercalation of lithium i1ons from the reversible
lithium layers 1n the charged state brings about swelling and
destabilization of the crystal structure due to the repulsive
force between oxygen atoms in the MO layers, and thus
lithium transition metal oxide sufifers from problems associ-
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ated with sharp decreases 1n the capacity and cycle charac-
teristics, resulting from the structural changes in the crystal
structure due to repeated charge/discharge cycles.

As a result of a variety of extensive and intensive studies
and experiments to solve the problems as described above, the
inventors of the present invention have surprisingly found that
the crystal structure in the lithium mixed transition metal
oxides disclosed herein stabilizes contrary to conventionally
known or accepted 1deas 1n the related art that intercalation/
deintercalation of lithium 10ns will be hindered when a por-
tion of the nickel 1ons present transier to and are immobilized
in the reversible lithium layers as shown 1n FIG. 2, so it 1s
possible to prevent problems associated with collapse of the
crystal structure caused by the intercalation/deintercalation
of lithium 10ns. As a result, since the lifespan characteristics
and safety of the lithium mixed transition metal oxide are
simultaneously improved due to a lack of occurrence of addi-
tional structural collapse by oxygen desorption and preven-
tion of further formation of Ni** ions, the battery capacity and
cycle characteristics can be significantly improved and a
desired level of rate characteristics can be exerted. Therefore,
it can be said that such a concept of the present invention 1s a
remarkable one which 1s completely opposite to and over-
throws the conventional 1deas of structural stability 1n such
systems.

That 1s, due to the 1nsertion of a portion of Ni 1ons mto the
reversible lithium layers, the lithium mixed transition metal
oxide 1 accordance with the present invention does not
undergo disintegration of the crystal structure with mainte-
nance ol the oxidation number of Ni 1ons inserted into the
reversible lithium layers, even when lithium 10ns are released
during a charge process, thereby being capable of maintain-
ing a well-layered structure. Hence, a battery comprising the
lithium mixed transition metal oxide having such a structure
as a cathode active material can exert a high capacity and a
high-cycle stability.

Further, the lithium mixed transition metal oxide 1n accor-
dance with the present invention has excellent thermal stabil-
ity as the crystal structure i1s stably maintained even upon
sintering at a relatively high temperature during a production
pProcess.

Generally, when conventional high-nickel LiMO, 1s sub-
jected to high-temperature sintering in air containing a trace
amount of CO,, LIMO, decomposes with a decrease of Ni*™*
ions as shown 1n the following reaction below, and during
which amounts of impurities L1,CO; increase.

LiM3*0,+C0O,—a Li; M, *+2*O,+b Li,COs+c O,

Further, continuous degradation of the crystal structure
occurs with increased cation mixing, an increased lattice con-
stant and a decreased c:a ratio, molten Li1,CO,; impurities
segregate particles of the LiMO,, and primary particles lose a
contact state therebetween, thereby resulting in the disinte-
gration of secondary particles.

However, unlike the conventional high-nickel LiMO,, the
lithium mixed transition metal oxide 1n accordance with the
present invention, due to the stability of the atomic-level
structure, does not include L1,CO; impurities resulting from
oxygen deficiency due to a decrease 1 and decomposition of
Ni’* ions as shown in the above reaction, and therefore exhib-
its no degradation of the crystal structure, even when sub-
jected to high-temperature sintering under an air atmosphere.
Further, there are substantially no water-soluble bases
present, as the lithium mixed transition metal oxide of the
present 1mvention can be prepared without addition of an
excess of a lithium source. Accordingly, the lithium mixed
transition metal oxide of the present invention exhibits excel-
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lent storage stability, decreased gas evolution and thereby
excellent high-temperature stability simultaneously with the
teasibility of industrial-scale production at low production
COSts.

In contrast to the desirable properties of the lithium mixed
transition metal oxide of the present invention, the imnventors
hereof have found that the above-referenced oxides disclosed
in Japanese Unexamined Patent Publication Nos. 2004-
2812353, 2005-150057 and 20035-310744, and which have a
similar composition, nonetheless do not have the same struc-
ture as that of the lithtum mixed transition metal oxides of the
present invention, include large amounts of impurities such as
lithium carbonates, and suffer from severe gas evolution at
high temperatures and structural instability.

Hereinatter, where approprate throughout the specifica-
tion, the term “lithtum mixed transition metal oxide 1n accor-
dance with the present invention” 1s used interchangeably
with the term “LiN1MO,”, and the term “N1 10ns 1nserted and
bound into the reversible lithium layers™ 1s used interchange-
ably with the term “inserted N1”°. Therefore, N1iM 1n LiNiMO,,
1S a suggestive expression representing a complex composi-
tion of N1, Mn and Co 1n Formula I.

In one specific embodiment, the lithium mixed transition
metal oxide have a structure wherein Ni** and Ni”* ions ons
coexist in the MO layers and a portion of Ni** ions are
inserted into the reversible lithium layers. That 1s, 1 such a
structure of the metal oxide, all of N1 10ons inserted into the
reversible lithium layers are Ni** ions and the oxidation num-
ber of N1 10ns 1s not changed 1n the charge process.

Specifically, when Ni** and Ni’* ions coexist in a Ni-
excess lithium transition metal oxide, an oxygen atom-defi-
cient state 1s present under given conditions (reaction atmo-
sphere, L1 content, and the like) and therefore mnsertion of a
portion of the Ni** ions into the reversible lithium layers may
occur with changes 1n the oxidation number of Ni.

The composition of the lithium mixed transition metal
oxide should satisty the following specific requirements as
defined 1n Formula I:

(1) N1, _,, s N n,Mn, ,) Co, and 0.65=a+b=0.85

(1) 0.1=b=04, and

(111) Xx+y=2 and 0.95=x=1.05

Regarding the atorementioned requirement (1), N1,_,, ,,
means a content of ions of Ni°*. Therefore, if a mole fraction
of Ni°* exceeds 0.35 (a+b<0.65), it is impossible to imple-
ment an industrial-scale production 1n air, using L1,CO; as a
precursor material, so the lithium transition metal oxide
should be produced using L1OH as a precursor material under
an oxygen atmosphere, thereby presenting a problems asso-
ciated with decreased production efficiency and consequently
increased production costs. On the other hand, 1f a mole
fraction of Ni°* is lower than 0.15 (a+b>0.85), the capacity
per volume of LiIN1MO, 1s not competitive as compared to
L1Co0.,.

Meanwhile, taking into consideration both of the above
requirements (1) and (11), the total mole fraction of Ni 1ons
including Ni** ions and Ni** ions in LiNiMO,, of the present
invention 1s preferably of a relative nickel-excess compared
to manganese and cobalt and may be 0.4 to 0.7. If a content of
nickel 1s excessively low, it 1s difficult to achieve a high
capacity. Conversely, 1f a content of mickel 1s excessively
high, the satety may be significantly lowered. In conclusion,
the lithium transition metal oxide (LiN1MO, ) exhibits a large
volume capacity and low raw material costs, as compared to
lithium cobalt-based oxides.

Further, if the mole fraction of Ni** ions is too high relative
to the Ni content, the cation mixing increases, resulting in
formation of a “rock salt” like crystalline structure that 1s
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excessively stable to the point of being locally and electro-
chemically non-reactive, and such a rock salt structure not
only hinders charge/discharge and but also may bring about a
decrease 1n a discharge capacity. On the other hand, if the
mole fraction of Ni** ions is too low, this may lead to an
increase in the structural instability to thereby lower the cycle
stability. Therefore, the mole fraction of Ni** ions should be
approprately adjusted taking into consideration such prob-
lems that may occur. Preferably, within the range as shown 1n
FIG. 3, the mole fraction of Ni** ions may be 0.05 to 04, based
on the total content of Ni.

Therefore, since Ni** is inserted into the reversible lithium
layers and serves to support the MO layers, Ni** is contained
in an amount suificient to provide a stablestructural support
between MO layers such that the charge stability and cycle
stability can be improved to a desired level, and at the same
time 1t 1s 1nserted 1n an amount not so as to hinder intercala-
tion/deintercalation of lithium ions into/from the reversible
lithium layers such that rate characteristics are not deterio-
rated. Taken altogether, the mole fraction of Ni** ions
inserted and bound into the reversible lithium layers may be
specifically 0.03 to 0.07, based on the total molar content of
Ni.

The content of Ni** ions or the content of inserted Ni** ions
may be determined by controlling, for example, a sintering,
atmosphere, the content of lithium, and the like. For example,
when a concentration of oxygen 1n the sintering atmosphere 1s
high, the content of Ni** will be relatively low.

With regard to the aforementioned condition (11), a content
of cobalt (b)1s 0.1 t0 0.4. ITthe content of cobalt1s excessively
high (b>0.4), the overall cost of a raw material increases due
to a high content of cobalt, and the reversible capacity
decreases. On the other hand, 1f the content of cobalt 1s exces-
stvely low (b<t0.1), 1t 1s difficult to achieve sufficient rate
characteristics and a high powder density of the battery at the
same time.

With regard to the aforementioned condition (111), 11 a con-
tent of lithium 1s excessively high, 1.e. x>1.05, this may result
in a problem of decreased stability during charge/discharge
cycling, particularly at T=60° C. and a high voltage (U=4.35
V). On the other hand, it a content of lithium 1s excessively
low, 1.e. x<0.95, this may result in poor rate characteristics
and a decreased reversible capacity.

In an embodiment, LiN1iMO, may further comprise trace
amounts ol dopants. Examples of the dopants may include
aluminum, titanium, magnesium and the like, which are
incorporated into the crystal structure. Further, other dopants,
such as B, Ca, Zr, F, P, B1, Al, Mg, Zn, Sr, Ga, In, Ge, and Sn,
may be included via the grain boundary accumulation or
surface coating of the dopants without being incorporated
into the crystal structure. These dopants are included in
amounts enough to increase the safety, capacity and over-
charge stability of the battery while not causing a significant
decrease 1n the reversible capacity. Therefore, a content of the
dopant 1s less than 5% (k<0.05), as defined in Formula I. In
addition, the dopants may be preferably added 1n an amount
of <1%, within a range that can improve the stability without
causing deterioration of the reversible capacity.

As a molar ratio (L1/M) of L1 to the transition metal (M)
decreases, the amount of N1 1ons present 1n the MO layers
gradually increases. Therefore, 11 excessive amounts of Ni
ions transier into the reversible lithium layers, a movement of
1" during charge/discharge processes 1s hampered to thereby
lead to problems associated with a decrease 1n the reversible
capacity or deterioration of the rate characteristics. On the
other hand, the L1/M ratio 1s excessively high, the amount of
N1 present 1n the MO layer 1s excessively low, which may
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undesirably lead to structural 1nstability, thereby presenting,
decreased safety of the battery and poor lifespan characteris-
tics. Further, at an excessively high Li/M value, amounts of
unreacted L1,CO; increase to thereby result in a high pH-
titration value, 1.e., production of large amounts of impurities,
and consequently the chemical resistance and high-tempera-
ture stability may deteriorate. Therefore, in one preferred

embodiment, the ratio of L1:M 1 LiN1iMO,, may be 0.95 to
1.04:1.

In one embodiment, the lithium mixed transition metal
oxide 1n accordance with the present invention is substan-
tially free of water-soluble base impurities, particularly
L1,CO,.

Usually, Ni-based lithium transition metal oxides contain
large amounts of water-soluble bases such as lithium oxides,
lithium sulfates, lithium carbonates, and the like. These
water-soluble bases may be bases, such as L1,CO; and L10OH,
present in LiN1MO,,, or otherwise may be bases produced by
ion exchange (H™ (water) <—— Li17 (surface, an outer surface
of the bulk)), performed at the surface of LINIMO,. The bases
of the latter case are usually present at a negligible level. The
former water-soluble bases are formed primarily due to unre-
acted lithtum raw materials upon sintering. This 1s because as
a conventional Ni-based lithium transition metal oxide
employs relatively large amounts of lithium and low-tem-
perature sintering so as to prevent the collapse of a layered
crystal structure, the resulting metal oxide has relatively large
amounts of grain boundaries as compared to the cobalt-based
oxides and lithium 10ns do not suificiently react upon sinter-
ing.

On the other hand, since LiIN1MO, 1n accordance with the
present mvention, as discussed hereinbelore, maintains a
structurally stable layered crystal structure, 1t 1s possible to
carry out a sintering process at a relatively high-temperature
under an air atmosphere and thereby LiN1MO, has relatively
small amounts of grain boundaries. In addition, as retention
of unreacted lithtum species on the surfaces of particles 1s
prevented, the particle surfaces are substantially free of
lithium salts such as lithium carbonates, lithium sulfates, and
the like. Further, there 1s no need to add an excess of a lithium
source upon production of LiN1MQO,, so 1t 1s possible to
fundamentally prevent a problem associated with the forma-
tion of impurities due to the unreacted lithium source remain-
ing in the powder.

As such, 1t 1s possible to fundamentally solve various prob-
lems that may occur due to the presence of the water-soluble
bases, particularly the problem that may damage the battery
safety due to evolution of gas arising from acceleration of
clectrolyte decomposition at high temperatures.

As used herein, the phrase “is (are) substantially free of
water-soluble bases” refers to an extent that upon titration of
200 mL of a solution containing the lithtum mixed transition
metal oxide with 0.1M HCI, the amount of HC1 solution used
to reach apH of less than 5 1s less than 20 mL, more preferably
less than 10 mL.. Herein, 200 mlL of the aforementioned
solution contains substantially all of the water-soluble bases
in the lithtum mixed transition metal oxide, and 1s prepared by
repeatedly soaking and decanting 10 g of the lithium mixed
transition metal oxide.

More specifically, first, 5 g of a cathode active material
powder 1s added to 25 mL of water, followed by brief stirring.
About 20 mL of a clear solution 1s separated and pooled from
the powder by soaking and decanting. Again, about 20 mL of
water 1s added to the powder and the resulting mixture 1s
stirred, followed by decanting and pooling. The soaking and
decanting are repeated at least 5 times. In this manner, total
100 mL of'the clear solution containing water-soluble bases 1s
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pooled. A 0.1M HCI solution 1s added to titrate the thus-
pooled solution, where pH titration 1s done with stirring. The
pH profile 1s recorded as a function of time. Experiments are
terminated when the pH reaches a value of less than about 3,
and a flow rate may be selected within a range that titration
takes about 20 to about 30 min. The content of the water-
soluble bases 1s given as an amount of acid that was used until
the pH reaches a value of less than about 5.

In this manner, 1t 1s possible to determine the content of the
water-soluble bases contained 1n the aforesaid powder. Atthis
time, there are no significant intluences of parameters such as
a total soaking time of the powder 1n water.

A method of preparing the lithium mixed transition metal
oxide in accordance with the present invention may be pret-
erably carried out under an oxygen-deficient atmosphere. The
oxygen-deficient atmosphere may be an atmosphere with an
oxygen concentration of preferably 10% to 50% by volume,
more preferably 10% to 30% by volume. In an embodiment,
the lithium mixed transition metal oxide can be prepared by a
solid-state reaction of L1,CO, and mixed transition metal
precursors 1n the air atmosphere. Therefore, 1t 1s also possible
to solve various problems associated with increased produc-
tion costs and the presence of large amounts of water-soluble
bases, which the conventional arts sufler from when making,
the lithium transition metal oxide mvolving adding, mixing,
and sintering of L1OH and each transition metal precursor
under an oxygen atmosphere. That 1s, the present invention
enables production of the lithium mixed transition metal
oxide having a given composition and a high content of nickel
via a simple solid-state reaction 1n air, using a raw material
that 1s cheap and easy to handle. Therefore, 1t 1s possible to
realize a significant reduction of production costs and high-
elliciency mass production.

That 1s, due to thermodynamic limitations in the conven-
tional art, it was 1mpossible to produce high-nickel lithium
mixed transition metal oxide in the air containing trace
amounts of carbon dioxide. In addition, the conventional art
suffered from problems in that utilization of L1,CO; as a
precursor material brings about evolution of CO, due to
decomposition of [L1,CO,, which then thermodynamically
hinders additional decomposition of L1,CO; even at a low
partial pressure, consequently resulting 1n no further progres-
sion of the reaction. For these reasons, 1t was impossible to
use L1,CO, as the precursor in the practical production pro-
CEesS.

Onthe other hand, the lithium mixed transition metal oxide
in accordance with the present invention employs L1,CO, and
the mixed transition metal precursor as the reaction materials,
and can be prepared by reacting reactants in an oxygen-
deficient atmosphere, preferably 1n air. As a result, it 15 pos-
sible to achieve a significant reduction of production costs,
and a significant increase of the production efficiency due to
the feasibility to produce a desired product by a relatively
simple process. This 1s because the lithtum mixed transition
metal oxide 1n accordance with the present invention 1s very
excellent 1n the sintering stability at high temperatures, 1.e.
the thermodynamaic stability, due to a stable crystal structure.

Further, since the lithium source material and the mixed
transition metal material may be preferably added in a ratio of
0.95 to 1.04:1 when producing the lithium mixed transition
metal oxide 1n accordance with the present invention, there 1s
no need to add an excess of a lithium source and 1t 1s possible
to significantly reduce the possibility of retention of the
water-soluble bases which may derive from the residual
lithium source.

In order to carry out a smooth reaction via high air circu-
lation upon production of the lithium mixed transition metal
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oxide by the large-scale mass production process, preferably
at least 2 m> (a volume at room temperature) of air, per kg of
the final Iithium mixed transition metal oxide, may be
pumped 1nto or out of a reaction vessel. For this purpose, a
heat exchanger may be employed to further enhance the effi-
ciency ol energy utilization by pre-warming the in-tflowing air
betore it enters the reactor, while cooling the out-flowing air.

In accordance with a further aspect of the present inven-
tion, there 1s provided a cathode active material for a second-
ary battery comprising the aforementioned lithium nickel-
based oxide.

The cathode active material in accordance with the present
invention may be comprised only of the lithium mixed tran-
sition metal oxide having the above-specified composition
and the specific atomic-level structure, or where appropriate,
it may be comprised of the lithium mixed transition metal
oxide 1n conjunction with other lithium-contaiming transition
metal oxides.

Examples of the lithium-contaiming transition metal oxides
that can be used 1n the present invention may include, but are
not limited to, layered compounds such as lithium cobalt
oxide (L1Co0O,) and lithtum nickel oxide (LiN10O,), or com-
pounds substituted with one or more transition metals;
lithium manganese oxides such as compounds of Formula
L1, Mn, O, (0=y=0.33), LiMnO,;, LiMn,0O;, and
LiMnO,; lithtum copper oxide (L1,CuQ,); vanadium oxides
such as L1V;0,, V,0., and Cu,V,0O,; Ni-site type lithium
nickel oxides of Formula LiN1,_ M O, (M=Co, Mn, Al, Cu,
Fe, Mg, B, or Ga, and 0.01=y=0.3); lithium manganese
composite oxides of Formula LiMn,_ M, O, (M=Co, N1, Fe,
Cr, Zn, or Ta, and 0.01=y=0.1), or Formula L1,Mn ;MO
(M=Fe, Co, N1, Cu, or Zn); LiMn,O, wherein a portion of L1
1s substituted with alkaline earth metal 1ons; disulfide com-
pounds; and Fe,(MoQO,),, LiFe 0., and the like.

In accordance with a still further aspect of the present
invention, there 1s provided a lithium secondary battery com-
prising the aforementioned cathode active material. The
lithium secondary battery 1s generally comprised of a cath-
ode, an anode, a separator and a lithtum salt-containing non-
aqueous electrolyte. Methods for preparing the lithium sec-
ondary battery are known and theretfore detailed description
thereof will be omitted herein.

The cathode 1s, for example, fabricated by applying a mix-
ture of the above-mentioned cathode active material, a con-
ductive material and a binder to a cathode current collector,
followed by drying. If necessary, a filler may be further added
to the above mixture.

The cathode current collector 1s generally fabricated to
have a thickness of 3 to 500 um. There 1s no particular limit to
materials for the cathode current collector, so long as they
have high conductivity without causing chemical changes in
the fabricated battery. As examples of the materials for the
cathode current collector, mention may be made of stainless
steel, aluminum, nickel, titanium, sintered carbon, and alu-
minum or stainless steel which was surface-treated with car-
bon, nickel, titantum or silver. The current collector may be
tabricated to have fine irregularities on the surface thereof so
as to enhance adhesion to the cathode active material. In
addition, the current collector may take various forms includ-
ing films, sheets, foils, nets, porous structures, foams and
non-woven fabrics.

The conductive material 1s typically added 1n an amount of
1 to 50% by weight, based on the total weight of the mixture
including the cathode active material. There 1s no particular
limit to the conductive matenal, so long as 1t has suitable
conductivity without causing chemical changes 1n the fabri-
cated battery. As examples of conductive materials, mention
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may be made of conductive materials, including graphite
such as natural or artificial graphite; carbon black such as
carbon black, acetylene black, Ketjen black, channel black,
furnace black, lamp black and thermal black; conductive
fibers such as carbon fibers and metallic fibers; metallic pow-
ders such as carbon fluoride powder, aluminum powder and
nickel powder; conductive whiskers such as zinc oxide and
potassium titanate; conductive metal oxides such as titanium
oxide; and polyphenylene derivatives.

The binder 1s a component assisting in binding between the
electrode active material and the conductive material, and in
binding of the electrode active material to the current collec-
tor. The binder 1s typically added 1n an amount of 1 to 50% by
weight, based on the total weight of the mixture including the
cathode active material. As examples of the binder, mention
may be made of polyvinylidene fluoride, polyvinyl alcohols,
carboxymethylcellulose (CMC), starch, hydroxypropylcellu-
lose, regenerated cellulose, polyvinyl pyrollidone, tetrafluo-
roecthylene, polyethylene, polypropylene, ethylene-propy-
lene-diene terpolymer (EPDM), sulfonated EPDM, styrene
butadiene rubber, fluoro rubber and various copolymers.

The filler 1s an optional ingredient used to 1nhibit cathode
expansion. There 1s no particular limait to the filler, so long as
it does not cause chemical changes 1n the fabricated battery
and 1s a fibrous material. As examples of the filler, there may
be used olefin polymers such as polyethylene and polypropy-
lene; and fibrous materials such as glass fiber and carbon
fiber.

The anode 1s fabricated by applying an anode active mate-
rial to an anode current collector, followed by drying. IT
necessary, other components as described above may be fur-
ther included.

The anode current collector 1s generally fabricated to have
a thickness of 3 to 500 um. There 1s no particular limait to
materials for the anode current collector, so long as they have
suitable conductivity without causing chemical changes 1n
the fabricated battery. As examples of materials for the anode
current collector, mention may be made of copper, stainless
steel, aluminum, nickel, titanium, sintered carbon, copper or
stainless steel having a surface treated with carbon, nickel,
titanium or silver, and aluminum-cadmium alloys. Similar to
the cathode current collector, the anode current collector may
also be processed to form fine 1wrregularities on the surfaces
thereol so as to enhance adhesion to the anode active material.
In addition, the anode current collector may be used 1in various
forms including films, sheets, foils, nets, porous structures,
foams and non-woven fabrics.

As examples of the anode active materials utilizable 1n the
present mvention, mention may be made of carbon such as
non-graphitizing carbon and graphite-based carbon; metal
composite oxides such as LiFe,O;(0=y=1), Li, WO,
(0=y=1) and Sn . Me,_ Me' O, (Me: Mn, Fe, Pb or Ge; Me":
Al, B, P, S1, Group I, Group 1I and Group 111 elements of the
Periodic Table of the Elements, or halogens; O0<x=1;
1 =y=3;and 1 =z=8); lithium metals; lithium alloys; silicon-
based alloys; tin-based alloys; metal oxides such as SnQO,
SnO,, PbO, PbO,, Pb,O;, Pb;O,, Sb,0;, Sb,0,, Sb,O.,
GeO, GeO,, B1,0,, B1,0,, and B1,0<; conductive polyacety-
lene; and .1—Co—Ni based materials.

The separator 1s interposed between the cathode and anode.
As the separator, an insulating thin film having high 1on
permeability and mechanical strength 1s used. The separator
typically has a pore diameter 01 0.01 to 10 um and a thickness
of 5 to 300 um. As the separator, sheets or non-woven fabrics
made of an olefin polymer such as polypropylene and/or glass
fibers or polyethylene, which have chemical resistance and
hydrophobicity, are used. When a solid electrolyte such as a
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polymer 1s employed as the electrolyte, the solid electrolyte
may also serve as both the separator and electrolyte.

The lithium salt-contaiming non-aqueous electrolyte 1s
composed of an electrolyte and a lithium salt. As the electro-
lyte, a non-aqueous organic solvent, an organic solid electro-
lyte, or an morganic solid electrolyte may be utilized.

As the non-aqueous organic solvent that can be used in the
present invention, for example, mention may be made of
aprotic organic solvents such as N-methyl-2-pyrrolidone,
propylene carbonate, ethylene carbonate, butylene carbonate,
dimethyl carbonate, diethyl carbonate, gamma-butyro lac-
tone, 1,2-dimethoxy ethane, tetrahydrofuran, 2-methyl tet-
rahydrofuran, dimethylsulfoxide, 1,3-dioxolane, formamide,
dimethylformamide, dioxolane, acetonitrile, nitromethane,
methyl formate, methyl acetate, phosphoric acid triester, tri-
methoxy methane, dioxolane derivatives, suliolane, methyl
sulfolane, 1,3-dimethyl-2-1imidazolidinone, propylene car-
bonate derivatives, tetrahydrofuran derivatives, ether, methyl
propionate, and ethyl propionate.

As examples of the organic solid electrolyte utilized 1n the
present 1vention, mention may be made of polyethylene
derivatives, polyethylene oxide derivatives, polypropylene
oxide dertvatives, phosphoric acid ester polymers, alginate/
poly-1-lysine, polyester sulfide, polyvinyl alcohols, polyvi-
nylidene tluoride, and polymers containing ionic dissociation
groups.

As examples of the 1norganic solid electrolyte utilized 1n
the present invention, mention may be made of nitrides,
halides and sulfates of lithium such as Li;N, Lil, Li<NI,,
L1, N—ILa1l—I10H, L1510, L1S10,—Iil—I10OH, L1,S1S;,
1,510, L1,S10,—1Li1I—1L10OH, and L1,PO,—1.1,5S—S1S..

The lithium salt 1s a material that 1s readily soluble 1n the
above-mentioned non-aqueous electrolyte and may include,
for example, LiCl, LiBr, Lil, LiClO,, LiBF,, LiB,,Cl,,.
LiPF,, LiCF,SO,, LiCF,CO,, LiAsF,, LiSbF., LiAICl,,
CH,SO,L1, CF,SO,L1, (CF;S0,),NL1, chloroborane
lithium, lower aliphatic carboxylic acid lithium, lithium tet-
raphenyl borate, and 1mide.

Additionally, in order to improve charge/discharge charac-
teristics and flame retardancy, for example, pyridine, trieth-
ylphosphite, triethanolamine, cyclic ether, ethylenediamine,
n-glyme, hexaphosphoric triamide, nitrobenzene derivatives,
sulfur, quinone i1mine dyes, N-substituted oxazolidinone,
N,N-substituted imidazolidine, ethylene glycol dialkyl ether,
ammonium salts, pyrrole, 2-methoxy ethanol, aluminum
trichloride, or the like may be added to the non-aqueous
clectrolyte. If necessary, 1n order to impart incombustibility,
the non-aqueous eclectrolyte may further include halogen-
containing solvents such as carbon tetrachloride and ethylene
tritfluoride. Further, in order to improve high-temperature
storage characteristics, the non-aqueous electrolyte may
additionally 1include carbon dioxide gas.

In accordance with yet another aspect of the present inven-
tion, there 1s provided a lithium mixed transition metal oxide
comprising a mixed transition metal of N1, Mn and Co and
comprising mixed-transition metal oxide layers (“MO lay-
ers”’) containing N1 10ns, and reversible lithtum layers which
allow 1ntercalation and deintercalation of lithium 1ons,
wherein the MO layers and the reversible lithium layers are
disposed alternately and repeatedly to form a layered crystal
structure, and a portion of N1 ions dertved from the MO layer
are inserted 1nto the reversible lithium layers, thereby result-
ing in interconnection of the MO layers.

Generally, the use of nickel-based lithium mixed transition
metal oxide as the cathode active material may bring about
the collapse of the crystal structure upon intercalation/
deintercalation of lithium 1ons. However, the lithium mixed
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transition metal oxide 1n accordance with the present inven-
tion exhibits stabilization of the crystal structure due to nickel
ions mserted into the reversible lithium layers and therefore
does not undergo additional structural collapse that may
result from oxygen desorption, thereby simultaneously
improving the lifespan characteristics and safety.

Further, the present mvention provides a lithium mixed
transition metal oxide having a composition represented by
Formula II below, wherein a molar cation mixing ratio for a
portion of N1 located in lithium sites of the lithium mixed
transition metal oxide 1s 0.03 to 0.07 ofthe total content 01 N,
and 1s suflicient to provide the structurally stable, layered
crystal structure.

Li,M" A" O, (I1)

wherein

0.95=x'=1.05, 0=z'<0.05, x+v'=2, and y+z'=1;

M" 1s a mixed transition metal of N1, Mn and Co; and

A' 1s at least one element selected from the group consist-
ing ol B, Ca, 7Zr, S, F, P, B1, Al, Mg, Zn, Sr, Cu, Fe, Ga, In, Cr,
Ge and Sn.

According to the experimental results by the present imnven-
tors, the cation mixing ratio 1s particularly preferably 0.03 to
0.07, upon considering of both the charge and cycle stability,
and the rate characteristics. When the cation mixing ratio 1s
within the above-specified range, the crystal structure can be
further stably maintained and a hindrance of Li™ migration
can be minimized.

Further, the present mvention provides a lithium mixed
transition metal oxide having a composition of Formula II,
wherein a molar ratio of lithtum to a mixed transition metal
(M) 15 0.95:1 to 1.04:1, and a portion of N1 10ns are nserted
into lithium sites in the reversible lithtum layers to 1ntercon-
nect the MO layers and the reversible lithium layers and to
provide a structurally stable layered crystal structure.

Theretore, there 1s no need to add an excess of a lithium
source and it 1s also possible to significantly reduce the pos-
sibility of retention of the water-soluble base impurities
which may derive from the lithium source.

When the molar ratio of lithium to the mixed transition
metal (M) 1s 0.95:1 to 1.04:1, this may lead to appropriate
cation mixing to thereby further enhance the structural sta-
bility and minimize a hindrance of Li™ migration during the
charge and discharge process. Therelore, the lithium mixed
transition metal oxide exhibits excellent stability, lifespan
characteristics and rate characteristics. Further, this metal
oxide has a high capacity, as well as high chemical resistance
and high-temperature stability due to substantially no water-
soluble bases.

In one preferred embodiment, the lithium mixed transition
metal oxide has a composition of Formula II and a cation
mixing ratio for the amount of N11ons located 1n lithium sites
1s 0.03 to 0.07 based on the total content of N1 to thereby
stably support the layered crystal structure. Further, the
present mvention provides a lithium mixed transition metal
oxide comprising mixed transition metal oxide layers (“MO
layers”) comprising N1, Mn and Co, and reversible lithium
layers which allow lithium 1on intercalation/deintercalation,
wherein the MO layers and the reversible lithium layers are
disposed alternately and repeatedly to form a layered crystal
structure, the MO layers contain Ni°* ions and Ni** ions, and
a portion of Ni** ions derived from the MO layers are inserted
into the reversible lithium layers.
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Such a structure 1s not known in the art and makes a
significant contribution to the stability and lifespan charac-
teristics of the lithium mixed transition metal oxide disclosed
herein.

Further, the present mvention provides a lithium mixed
transition metal oxide having a composition of Formula I and
comprising mixed transition metal oxide layers (“MO lay-
ers”), wherein the MO layers contain Ni°* ions and Ni** ions,
and a portion of Ni** ions derived from the MO layers are
inserted into the reversible lithium layers, during preparation
of the lithium mixed transition metal oxide by a reaction of
lithium mixed transition metal oxide precursor materials
under an O,-deficient atmosphere.

In comparison therefore, a conventional lithium transition
metal oxide has a crystal structure with no insertion of Ni**
ions 1nto the MO layer as effected by the reaction of 1dentical
precursor materials under an oxygen atmosphere, whereas
the lithium mixed transition metal oxide in accordance with
the present invention has a structure wherein relatively large
amounts of Ni** ions are produced by carrying out the reac-
tion under an oxygen-deficient atmosphere and a portion of
the thus-produced Ni** ions are inserted into the reversible
lithium layers. Therefore, as illustrated heremnbefore, the
crystal structure 1s stably maintained to thereby exert superior
sintering stability, and a secondary battery comprising the
same exhibits excellent cycle stability.

EXAMPLES

Now, the present invention will be described 1n more detail
with reference to the following Examples. These examples
are provided only for illustrating the present invention and
should not be construed as limiting the scope and spirit of the
present invention.

Example 1

A mixed hydroxide of Formula MOOH (M=Ni,,,-
(Mn, ,N1,,,)s,1sC0q ») as a mixed transition metal precursor
and [1,CO, were mixed 1n a stoichiometric ratio (LL1:M=1.02:
1), and the mixture was sintered 1n air at various temperatures
of 850(Ex. 1A), 900 (Ex. 1B), 930 (Ex. 1C), and 1,000° C. for
10 hours, to preparing a lithtum mixed transition metal oxide.
Herein, secondary particles were maintained intact without
being collapsed, and the crystal size increased with an
increase in the sintering temperature.

X-ray analysis showed that all samples have a well-layered
crystal structure. Further, a unit cell volume did not exhibit a
significant change with an increase in the sintering tempera-
ture, thus representing that there was no significant oxygen-
deficiency and no sigmificant increase of cation mixing, in
conjunction with essentially no occurrence of lithium evapo-
ration.

The crystallographic data for the thus-prepared lithium
mixed transition metal oxide are given 1n Table 1 below, and
FESEM 1mages thereof are shown in FIG. 5. From these
results, 1t was found that the lithium mixed transition metal
oxide 1s LiNiMO, having a well-layered crystal structure
with the 1nsertion of nickel at a level of 3.9 to 4.5% 1nto a
reversible lithium layer. Further, 1t was also found that even
though [1,CO, was used as a raw material and sintering was
carried out in air, proper amounts of Ni** ions were inserted
into the lithium layer, thereby achieving the desired structural
stability.

Particularly, Sample B, sintered at 900° C., exhibited a high
c:a ratio and therefore excellent crystallinity, a low unit cell
volume and a reasonable cation mixing ratio. As a result,
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Sample B showed the most excellent electrochemical prop-
erties, and a BET surface area of about 0.4 to about 0.8 m*/g.

TABLE 1
Example 1{A-D) (A) (B) (C) (D)
Sintering temp. 850° C. 900° C. 950° C. 1,000° C.
Unit cell vol. 33.902 A® 33.921 A® 33.934 A® 33957 A°
Normalized ¢:a ratio 1.0123 1.0122 1.0120 1.011R
c:a/24 0.5
Cation mixing 4.5% 3.9% 4.3% 4.5%
(Rietveld refinement)

Comparative Example 1

50 g of a commercial sample having a composition of
LiN1, ;Co, {Mn, O, represented by Formula LiN1,_M O,
(x=0.3, and M=Mn, ,,N1, ,,Co,,;) was heated 1n air to 750° C.
(CEx. 1A), 850° C. (CEx. 1B), 900° C. (CEx. 1C), and 950°
C. (CEx. 1D) (10 hrs), respectively.

X-ray analysis was carried out to obtain detailed lattice
parameters with high resolution. Cation mixing was observed
by Rietveld refinement, and morphology was analyzed by
FESEM. The results thus obtained are given in Table 2 below.
Referring to Table 2, 1t can be seen that all of the samples
heated to a temperature of T==750° C. (CEX. 1 A-D) exhibited
continuous degradation of a crystal structure (increased cat-
ion mixing, increased lattice constant and decreased c:a
rat10). F1G. 6 shows a FESEM 1mage of a commercial sample
as recerved and a FESEM 1mage of the same sample heated to
850° C. (CEx. 1B) 1n air; and 1t can be seen that the sample
heated to a temperature of T=850° C. (CEX. 1B-D) exhibited
structural collapse. This 1s believed to be due to that L1,CO,,
formed during heating 1n air, melts to thereby segregate par-
ticles.

TABLE 2
Comp. Ex. 1 (A-D) (A) (B) (C) (D)
Sintering temp. 750° C. 850° C. 900° C. 950° C.
Unit cell vol. 33.902 A® 33.920 A® 33.934 A® 33957 A°
Normalized ¢:a ratio 1.0103 1.0100 1.0090 1.0085
c:a/24 0.5
Cation mixing 10% 12% 15% 18%
(Rietveld refinement)

Therefore, 1t can be seen that 1t 1s impossible to produce a
conventional lithium mixed transition metal oxide having the
above-specified composition 1 the air contaiming trace
amounts ol carbon dioxide, due to thermodynamic limita-
tions. In addition, upon producing the lithium transition metal
oxide having the above composition according to a conven-
tional method, the use of L1,CO; as a raw material 1s accom-
panied by evolution of CO, due to decomposition of L1,CO,,
thereby leading to thermodynamlc hindrance of additional
decomposition of L1,CO,, consequently resulting in no fur-
ther progression of the reaction. For these reasons, 1t was
shown that such a conventional method cannot be applied to
the practical production process.

Comparative Example 2

The pH titration was carried out at a flow rate of >2 L/min
tor 400 g of a commercial sample having a composition of
LiN1, ;Co, ,O,. The results thus obtained are given 1n FI1G. 7.
In FIG. 7, Curve A (CEx. 2A) represents pH titration for the
sample as received, and Curve B (CEx. 2B) represents pH
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titration for the sample heated to 800° C. 1n a flow of pure
oxygen for 24 hours. From the analysis results of pH profiles,
it can be seen that the contents of L1,CO, before and after heat
treatment were the same therebetween, and there was no
reaction of L1,CO, impurities. That 1s, 1t can be seen that the
heat treatment under an oxygen atmosphere resulted in no

additional production of Li,CO; mmpurities, but Li1,CO,
impurities present in the particles were not decomposed.
Through slightly increased cation mixing, a slightly
decreased c:a ratio and a slightly decreased unit cell volume
from the X-ray analysis results, it was found that the content
of L1 slightly decreased in the crystal structure of LiN1O, 1n
conjunction with the formation of a small amount of L1,0.
Therefore, it can be seen that 1t 1s impossible to prepare a
stoichiometric lithium mixed transition metal oxide with no

impurities and no lithium-deficiency 1n a flow of oxygen gas
or synthetic air.

Comparative Example 3

L1Al, o,Ni, -:Co, ,O, containing less than 3% aluminum
compound, as commercially available Al/Ba-modified, high-
nickel LiN10O,, was stored in a wet chamber (90% relative
humidity, abbreviated “RH”) at 60° C. 1n air. The pH titration
was carried out for a sample prior to exposure to moisture, and
samples wet-stored for 17 hrs and 3 days, respectively. The
results thus obtained are given 1n FIG. 8. Referring to FIG. 8,
an amount of water-soluble bases was low before storage, but
substantial amounts of water-soluble bases, primarily com-
prising L1,CO,, were continuously formed upon exposure to
air. Therefore, even when an 1nitial amount of L1,CO, 1mpu-
rities was low, 1t was revealed that the commercially available
high-nickel LiN10O, 1s not stable in air and therefore rapidly
decomposes at a substantial rate, and substantial amounts of
L1,CO; impurities are formed during storage.

Example 2

The pH titration was carried out for a sample of the lithium
mixed transition metal oxide 1n accordance with Example 2
prior to exposure to moisture, and samples stored 1n a wet
chamber (90% RH) at 60° C. 1n air for 17 hours and 3 days,
respectively. The results thus obtained are given i FIG. 9.
Upon comparing the lithium mixed transition metal oxide of
Example 2 (see FIG. 9) with the sample of Comparative
Example 3 (see FIG. 8), the sample of Comparative Example
3 (stored for 17 hours) exhibited consumption of about 20 mL
of HCI, whereas the sample of Example 2 (stored for 17
hours) exhibited consumption of 10 mL of HCI, thus showing
an about two-1old decrease in production of the water-soluble
bases. Further, in 3-day-storage samples, the sample of Com-
parative Example 3 exhibited consumption of about 110 mL
of HCI1, whereas the sample of Example 2 exhibited consump-
tion of 26 mL of HCI, which corresponds to an about five-fold
decrease 1n production of the water-soluble bases. Therefore,
it can be seen that the sample of Example 2 decomposed at a
rate about five-fold slower than that of the sample of Com-
parative Example 3. Then, it can be shown that the lithium
mixed transition metal oxide of Example 2 exhibits superior
chemical resistance even when 1t 1s exposed to air and mois-
ture.

Comparative Example 4

A high-nickel LiN1O, sample having a composition of
LiN1, «Mn, ,sCo, ;50,, as a commercial sample which was
surface-coated with AIPO, followed by gentle heat treatment,
was subjected to pH titration before and after storage 1n a wet
chamber. As a result of pH titration, 12 mL of 0.1M HCl was
consumed per 10 g cathode, an mitial content of L1,CO; was
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low, and the content of L1,CO, after storage was slightly
lower (80 to 90%) as compared to the sample of Comparative
Example 3, but a igher content of L1,CO; was formed than 1n
the sample of Example 2. Consequently, it was found that the
aforementioned high-N1 LiN1O, shows no improvements in
the stability against exposure to the air even when 1t was
surface-coated, and also exhibits insignificant improvements
in the electrochemical properties such as the cycle stability

and rate characteristics.
10

Example 3

A mixture of L1,CO; with mixed hydroxide of Formula
MOOH (M=Ni,,,(Mn,,N1,,,)s,;sC0s,) was 1ntroduced
into a furnace with an about 20 L. chamber and sintered at
920° C. for 10 hours, during which more than 10 m” of air was
pumped 1nto the furnace, thereby preparing about 5 kg of

L1N1MOQO, 1n one batch.
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Experimental results of the electrochemical properties for
the coin cells of Comparative Examples 2 to 4 are given in
Table 3 below. Referring to Table 3, the cycle stability was
poor with the exception of Comparative Example 3 (Sample
B). It 1s believed that Comparative Example 4 (Sample C)
exhibits the poor cycle stability due to the lithtum-deficiency
of the surface. Whereas, even though Comparative Example 2
(Sample A) and Comparative Example 3 (Sample B) were not
lithium-deficient, only Comparative Example 4 (Sample C)
exhibited a low content of L1,CO;. The presence of such
L1,CO; may lead to gas evolution and gradual degradation of
the performance (at 4.3 V, L1,CO, slowly decomposes with
the collapse of crystals). That 1s, there are no nickel-based
active materials meeting both the excellent cycle stability and
the low-impurity content, and therefore 1t can be shown that

the conventional nickel-based active materials sufler from
poor cycle stability and low stability against exposure to atir,
in conjunction with a high level of L1,CO, impurities and
high production costs.

TABLE 3
Examples

Sample A Sample B Sample C

LiNig ¢Cog 505 Al/Ba-modified AlPO,-coated
Substrate Comp. BEx. 2 Comp. BEx. 3 Comp. BEx. 4
Stoichiometric Stoichiometric Stoichiometric Li-deficient at
Li:M surfaces
L1,CO; impurities High High Low
Capacity at 25° C. 193,175 mAh/g 195,175 mAh/g 185, 155 mAh/g
C/10, C/1
Capacity loss 30% per 100 cycles 11% per 100 cycles >30% per 100

After sintering was complete, a unit cell constant was
determined by X-ray analysis, and a unit cell volume was
compared with a target value (Sample B of Example 1: 33.921
A>). ICP analysis showed that a ratio of Li and M is very close
to 1.00, and the unit cell volume was within the target range.

FIG. 10 shows an SEM 1mage of the thus-prepared cathode
active material and FIG. 11 shows results of Rietveld refine- 40

ment. Referring to these drawings, 1t was found that the

sample exhibits high crystallinity and well-layered structure,

a mole fraction of Ni** inserted into a reversible lithium layer

1s 3.97%, and the calculated value and the measured value of

the mole fraction of Ni** are approximately the same. 45
Meanwhile, upon performing pH titration, less than 10 mL

of 0.1M HCI was consumed to titrate 10 g of a cathode to

achieve a pH of less than 5, which corresponds to a L1,CO,

impurity content of less than about 0.035 wt %. Hence, these

results show that 1t 1s possible to achieve mass production of 30

L1,CO;-tree LIN1IMO, having a stable crystal structure from

the mixed hydroxide and L1,CO; by a solid-state reaction.

35

Experimental Example 1
55

Test of Electrochemical Properties

Coin cells were fabricated using the lithium mixed transi-
tion metal oxide of Example 3, LiINIMO, of Comparative
Examples 2 to 4, and commercial LiMO, with M=(Ni,,, 60
Mn; ,),_.Co_ and x=0.17 (Comparative Example 5) and
x=0.33 (Comparative Example 6), respectively, as a cathode,
and a lithtum metal as an anode. Electrochemical properties
of the thus-fabricated coin cells were tested. Cycling was
carried out at 25° C. and 60° C., primarily a charge rate of C/5 65

and a discharge rate o1 C/5 (1 C=150mA/g) within a range of
3t04.3V.

cycles

On the other hand, the cells of Comparative Examples 3
and 6 exhibited a crystallographic density of 4.7 and 4.76

g/cm’, respectively, which were almost the same, and showed
a discharge capacity of 157 to 139 mAh/g at a C/10 rate (3 to
4.3 V). Upon comparing with L1CoO, having a crystallo-
graphic density of 5.04 g/cm” and a discharge capacity of 157
mAh/g, a volume capacity of the cell of Comparative
Example 5 1s equal to a 93% level of L1Co0O,, and the cell of
Comparative Example 6 exhibits a crystallographic density
corresponding to a 94% level of L1CoQO,. Therelore, 1t can be
seen that a low content of Niresults in a poor volume capacity.

Whereas, a crystallographic density of LINIMO, 1n accor-

dance with Example 3 was 4.74 g/cm® (cf. LiCoQ,: 5.05
g/cm”). A discharge capacity was more than 170 mAh/g (cf.

L1C00,: 157 mAh/g) at C/20, thus representing that the vol-
ume capacity of LiN1iMO,, was much improved as compared
to L1CoQO.,,.

Table 4 below summarizes electrochemical results of coin
cells using LiN1iMO, in accordance with Example 3 as a
cathode, and FIG. 12 depicts voltage profiles, discharge
curves and cycle stability.

TABLE 4
Capacity retention  Primary
after 100 cycles charge
(extrapolated) capacity
C/5-C/5 cycle, 3.0-4.3V, Discharge capacity
3.0-4.3V C/10 25° C., 25° C., 60° C.,
25°C.  60°C. — C/1 C/20 C/20

>96%  >90% >190 mAh/g 152mA/g 173 mAh/g 185 mAh/g
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Experimental Example 2
Determination of Thermal Stability

In order to examine the thermal stability for the lithium
mixed transition metal oxide of Example 3 and LiN1MO, in
accordance with Comparative Examples 3 and 4, DSC analy-
s1s was carried out. The thus-obtained results are given 1n

FIGS. 13 and 14. For this purpose, coin cells (anode: lithium
metal) were charged to 4.3V, disassembled, and inserted into
hermetically sealed DSC cans, followed by imjection of an
clectrolyte. A total weight of the cathode was about 50 to
about 60 mg, a total weight of the electrolyte was approxi-
mately the same. Therefore, an exothermic reaction 1s
strongly cathode-limited. The DSC measurement was carried
out at a heating rate of 0.5 K/min.

As a result, Comparative Example 3 (Al/Ba-modified
LiN10O,) and Comparative Example 4 (AIPO, -coated
[L1N10O,) showed the initiation of a strong exothermic reaction
at a relatively low temperature. Particularly, Comparative
Example 3 exhibited a heat evolution that exceeds the limit of
the device. The total accumulation of heat generation was
large, 1.e. well above 2,000 kl/g, thus indicating a low thermal
stability (see FIG. 13).

Meanwhile, LINIMO, of Example 3 1n accordance with the
present invention exhibited a low total heat evolution, and the
initiation ol an exothermic reaction at a relatively high tem-
perature (about 260° C.) as compared to Comparative
Examples 3 and 4 (about 200° C.) (see FIG. 14). Therefore, 1t
can be seen that the thermal stability of LiNiMO, 1n accor-
dance with the present invention 1s excellent.

Experimental Example 3

Test of Electrochemical Properties of Polymer Cells
with Application of Lithium Mixed Transition Metal
Oxide

Using the lithtum mixed transition metal oxide of Example
3 as a cathode active material, a pilot plant polymer cell of
383562 type was fabricated. For this purpose, the cathode was
mixed with 17% by weight LiCoQO,, and the cathode slurry
was NMP/PVDF-based slurry. No additives for the purpose
of preventing gelation were added. The anode was a meso-
carbon microbead (MCMB) anode. The electrolyte was a
standard commercial electrolyte free of additives known to
reduce excessive swelling. Experiments were carried out at
60° C. and charge and discharge rates of C/5. A charge voltage
was from 3.0t0 4.3 V.
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During a 4 h-90° C. tully charged (4.2 V) storage, a very small
amount of gas was evolved and only a small increase of
thickness was observed. The increase of thickness was within

or less than the value expected for good LiCoO, cathodes
tested 1n similar cells under similar conditions. Therefore, 1t

can be seen that LiN1IMO, 1n accordance with the present
invention exhibits very high stability and chemical resistance.

Experimental Example 4

Samples with different L1:M molar ratios were prepared
from Formula MOOH (M=Ni,, (Mn,,,N; ) sC0q,).
L1,CO; was used as a lithium source. 7 samples each of about
50 g with Li:M ratios ranging from 0.925 to 1.125 were
prepared by a sintering process in air at a temperature of 910
to 920° C. Then, electrochemical properties were tested.

Table 5 below provides the obtained crystallographic data.
Theunit cell volume changes smoothly according to the L1: M
ratio. F1G. 17 shows 1ts crystallographic map. All samples are
located on a straight line. According to the results of pH
titration, the content of soluble base increases slightly with an
increase of the L1:M ratio. The soluble base probably origi-
nates from the surface basicity (1on exchange) but not from
the dissolution of L1,CO; impurities as observed in Compara-
tive Example 1.

Therefore, this experiment clearly shows that the lithium
mixed transition metal oxide prepared by the method in
accordance with the present invention is 1n the L1 stoichio-
metric range and additional L1 1s inserted into the crystal
structure. In addition, 1t can be seen that stoichiometric
samples without L1,CO; impurity can be obtained even when
L1,CO; 1s used as a precursor and the sintering 1s carried out
1n air.

That is, as the Li/M ratio decreases, the amount of Ni**
inserted into the reversible lithium layer gradually increases.
Insertion of excessively large amounts of Ni** into the revers-
ible lithium layer hinders the movement of Li™ during the
charge/discharge process, thereby resulting in decreased
capacity or poor rate characteristics. On the other hand, if the
Li/M ratio is excessively high, the amount of Ni** inserted
into the reversible lithium layer 1s too low, which may result
in structural 1nstability leading to deterioration of the battery
satety and lifespan characteristics. Further, at the high Li/M
value, amounts of unreacted L1,CO; increase to thereby result
in a high pH-titration value. Therefore, upon considering the
performance and safety of the battery, the ratio of Li:M 1s
particularly preferably 1n a range o 0.95 to 1.04 (Samples B,
C and D) to ensure that the value of Ni** inserted into the
lithium layer 1s 1n a range of 3 to 7%.

TABLE 5
Samples
A B C D E F G
[.i:M ratio 0.925 0.975 1.0 1.025 1.05 1.075 1.125
Unit cell vol. 34.111 A® 34.023 A® 33.923 A% 33921 A® 33.882 A% 33.857A° 33.764 A°
c:a ratio 1.0116 1.0117 1.0119 1.0122 1.0122 1.0123 1.0125
Cation mixing 8.8% 6.6% 4.7% 4.0% 2.1% 2.5% 1.4%
pH titration 3 3.5 5 9 15 19 25

FIG. 15 shows the cycle stability of the battery of the
present invention (0.8 C charge, 1C discharge, 3104V, 2V)
at 25° C. An exceptional cycle stability (91% at C/1 rate after

Example 4

A mixed hydroxide of Formula MOOH (M=Ni,,,

300 cycles) was achieved at room temperature. The imped- 65 (Mn, ,Ni, ,,)s/sC0q -) as a mixed transition metal precursor

ance build up was low. Also, the gas evolution during storage
was measured. The result thus obtained are given 1n FIG. 16.

and L1,CO; were mixed 1n a molar ratio of L1:M=1.01:1, and
the mixture was sintered 1n air at 900° C. for 10 hours, thereby
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preparing 50 g of a lithium mixed transition metal oxide
having a composition ot LiN1, .,Co, ,Mn, ,,O,.

X-ray analysis was carried out to obtain detailed lattice
parameters with high resolution. Cation mixing was observed
by Rietveld refinement. The results thus obtained are given in

Table 6 below.

Comparative Example 7

A lithium transition metal oxide was prepared 1n the same
manner as in Example 4, except that a molar ratio of L1:M was
set to 1:1 and sintering was carried out under an O, atmo-
sphere. Then, X-ray analysis was carried out and the cation

mixing was observed. The results thus obtained are given in
Table 6 below.

TABLE 6
Ex. 4 Comp. BEx. 7
Li:M 1.01:1 1:1
Unit cell vol. 33.921 A° 33.798 A®
Normalized ¢:a ratio 1.0122 1.0124
c:a/24 0.5
Cation mixing 4.6% 1.5%

As can be seen from Table 6, the lithium transition metal
oxide of Comparative Example 7 exhibited a significantly
low cation mixing ratio due to the heat treatment under the
oxygen atmosphere. This case suflers from deterioration of
the structural stability. That 1s, it can be seen that the heat
treatment under the oxygen atmosphere resulted 1n the devel-
opment of a layered structure due to excessively low cation
mixing, but migration of Ni** ions was hindered to an extent
that the cycle stability of the battery 1s arrested.

Example 5

A lithium mixed transition metal oxide having a composi-
tion of LiN1, ,Co, ;Mn, ;O, was prepared in the same man-
ner as in Example 4, except that a mixed hydroxide of For-
mula MOOH (M=N1, ,,,(Mn, ,,N1, ,)«,,,C04 ;) Was used as a
mixed transition metal precursor, and the mixed hydroxide

and L1,CO, were mixed 1n a ratio of Li1:M=1:1. The cation
mixing was observed by X-ray analysis and Rietveld refine-
ment. The results thus obtained are given 1n Table 7 below.

TABLE 7
Li:M 1:1
Unit cell vol. 33.895 A
Normalized c:a ratio 1.0123
c:a/24 0.5
Cation mixing 3%
Capacity (mAh/g) 155

Example 6

A lithium mixed transition metal oxide having a composi-
tion of LiN1, .Co, -Mn, , O, was prepared in the same man-
ner as in Example 4, except that a mixed hydroxide of For-
mula MOOH (M=Ni.,,,(Mn, ,,Ni1,,,)3,,0C0, ») Wwas used as a
mixed transition metal precursor, and the mixed hydroxide
and L1,CO; were mixed 1n a molar ratio of L1:M=1:1. The
cation mixing was observed by X-ray analysis and Rietveld
refinement. The results thus obtained are given in Table 8
below.
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TABLE 8
Li:M 1:1
Unit cell vol. 34,025 A°
Normalized c:a ratio 1.0107
c:a/24 0.5
Cation mixing 7%
Capacity (mAh/g) 172

From the results shown in Tables 7 and 8, it can be seen that
the lithium mixed transition metal oxide 1n accordance with
the present invention provides desired eflects, as discussed
hereinbelore, 1n a given range.

INDUSTRIAL APPLICABILITY

As apparent from the above description, a lithtum mixed
transition metal oxide 1n accordance with the present inven-
tion has a specified composition and iterconnection of MO
layers via the 1nsertion of a portion of MO layer-derived Ni
ions 1nto reversible lithium layers, whereby the crystal struc-
ture can be stably supported to thereby prevent the deteriora-
tion of cycle characteristics. In addition, such a lithium mixed
transition metal oxide exhibits a high battery capacity and 1s
substantially free of impurities such as water-soluble bases,
thereby providing excellent storage stability, decreased gas
evolution and consequently superior high-temperature stabil-
ity.

Although the preferred embodiments of the present inven-
tion have been disclosed for illustrative purposes, those
skilled 1n the art will appreciate that various modifications,
additions and substitutions are possible, without departing
from the scope and spirit of the invention as disclosed 1n the
accompanying claims.

What 1s claimed 1s:

1. A lithium mixed transition metal oxide having a compo-
sition represented by Formula I and comprising mixed tran-
sition metal oxide (MO) layers comprising N1 1ons, and
reversible lithium layers which allow intercalation and
deintercalation of lithium 1ons, wherein the MO layers and
the reversible lithium layers are disposed alternately and
repeatedly to form a layered crystal structure, and a portion of
N1 1ons dertved from the MO layer are inserted into the
reversible lithium layers to interconnect the MO layers and
the reversible lithium layers:

Li,M,0, (D)

wherein:
M=m',_,A,, wherein M' 1s Ni1,___, (N1,,,Mn,,) Co,,
0.65=a+b=0.85 and 0.1=b=0.4;

A 15 a dopant;

0=k<0.05; and

x+=2 and 0.95=x=1.05,
wherein the lithium mixed transition metal oxide 1s substan-
tially free of soluble bases such that less than about 20 ml of
0.1M HCl 1s necessary to titrate 200 ml of a solution contain-
ing substantially all of the soluble bases present in 10 g of the
lithium mixed transition metal oxide to a pH less than 3, the

solution being prepared by repeated soaking and decanting of
the lithtum transition metal oxide.

2. The lithtum mixed transition metal oxide according to
claim 1, wherein the Niions comprise Ni** ions and Ni** ions
coexisting in the MO layers, and the portion of Ni** ions are
inserted and bound into the reversible lithium layers.
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3. The lithtum mixed transition metal oxide according to
claim 1, wherein 1n Formula I a mole fraction of N1 1s 0.4 to
0.7, a mole fraction of Mn 1s 0.05 to 0.4, and a mole fraction

of Co 15 0.1 to 0.4.

4. The lIithtum mixed transition metal oxide according to
claim 2, wherein the mole fraction of Ni** ions is 0.05 to 0.4,
based on the total content of N1 10ns.

5. The lithium mixed transition metal oxide according to
claim 4, wherein the portion as a mole fraction of Ni** ions
inserted and bound 1nto the reversible lithium layer 1s 0.03 to
0.07, based on the total content of Nu.

6. The lithium mixed transition metal oxide according to
claim 1, wherein the molar ratio of L1:M 15 0.95 to 1.04:1.

7. The lithium mixed transition metal oxide according to
claim 1, wherein the lithium mixed transition metal oxide 1s
substantially free of L1,CO,.

8. The lithhum mixed transition metal oxide according to
claim 1, wherein less than about 10 ml of 0.1 M HCI 1s
necessary to titrate 200 ml of a solution containing substan-
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tially all of the soluble bases present 1n 10 g of the lithium
mixed transition metal oxide to a pH less than 3.

9. A cathode active material for a secondary battery, com-
prising the lithium mixed transition metal oxide of claim 1.

10. A lithium secondary battery comprising the cathode
active material of claam 9.

11. A lithium mixed transition metal oxide having a com-
position of Formula I of claim 1 and comprising mixed tran-
sition metal oxide (MO) layers containing Ni1ons, and revers-
ible lithrum layers which allow intercalation and
deintercalation of lithium ions, wherein the MO layers con-
tain Ni°* ions and Ni** ions, and a portion of the Ni** ions
derived from the MO layers are inserted into the reversible
lithium layers during preparation of the lithium mixed tran-

sition metal oxide by a reaction of lithium mixed transition
metal oxide precursor materials under an O, -deficient atmo-
sphere.
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